C isotopes, usually expressed as ␦ 13 C, according to whether they use the C 3 or C 4 photosynthetic pathway. Herbivore biomass is expected to reßect the ␦
13
C of the food they eat. For the current experiment, western corn rootworm larvae were grown on different species of plants exhibiting different ␦
C values. The ␦
C values were then measured in elytra of emerged beetles. When beetles were unfed, biomass reßected larval feeding. When beetles were fed for 31 d postemergence, ␦
C values of elytra almost exclusively reßected adult feeding. These results suggest the use of caution in the interpretation of ␦ 13 C data aiming to document larval diet history when adult feeding history is unknown. The technique was also used to evaluate western corn rootworm larval choice between alternate hosts and maize with and without genetically modiÞed (Bt) traits aimed at their control. Propensity for feeding on alternate hosts versus maize was biased toward feeding on maize regardless whether the maize had Bt or not, suggesting western corn rootworm larvae were not repelled by Bt. These data will be helpful for regulators in interpreting western corn rootworm feeding data on Bt maize.
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The western corn rootworm, Diabrotica virgifera virgifera LeConte, is among the most important insect pest of maize, with annual management and yield costs up to US$2 billion in the U.S. Corn Belt (P. Mitchell, unpublished data) and €472 million in Europe (Wesseler and Fall 2010) . Management options for these pests in the United States and Europe have traditionally included granular and liquid soil insecticides, crop rotation, and in some regions, beetle management to prevent oviposition. More recently, insecticidal seed treatments have become additional tools for rootworm management along with transgenic maize expressing speciÞc endotoxins from the bacterium Bacillus thuringiensis Berliner (Bt) (Moellenbeck et al. 2001; Vaughn et al. 2005; Walters et al. 2008 Walters et al. , 2010 along with pyramid combinations of these endotoxins. Rootworms have previously developed resistance to several management approaches (Ball and Weekman 1962 , Krysan et al. 1986 , Meinke et al. 1998 , Wright et al. 2000 , Levine et al. 2002 , Gray et al. 2009 ), so delaying resistance of this major pest to Bt maize has been a focus of much research. Under conditions favored for delayed resistance, the initial frequency of alleles conferring resistance is low, so that resistant pests surviving on Bt crops are rare and any resistant pests that survive on Bt crops will mate with abundant susceptible pests from nearby refuges of host plants without Bt toxins. If inheritance of resistance is recessive, the hybrid progeny from such mating will die on Bt crops, substantially slowing the evolution of resistance (Gould 1998 , Glaser and Matten 2003 , MacIntosh 2010 . The approach works best with a very high toxin dose in the plant, but Bt maize currently registered to control western corn rootworm does not produce high doses of Bt proteins (Storer et al. 2006; Hibbard et al. 2010a Hibbard et al. ,b, 2011 Clark et al. 2012) . Consequently, resistant western corn rootworm colonies have quickly been selected for under laboratory conditions to all proteins currently registered for commercial use including Cry34/35Ab1, Cry3Bb1, mCry3a, and eCry3.1Ab (Lefko et al. 2008; Meihls et al. 2008 Meihls et al. , 2011 Meihls et al. , 2012 Oswald et al. 2011; Frank et al. 2013) . Recently, resistance has also been observed in the Þeld, where an increased survival of the pest has been recorded on Cry3Bb1-producing maize (Gassmann et al. 2011 (Gassmann et al. , 2014 . Because the current resistance management strategies have not been successful in delaying Þeld resistance as long as desired, new strategies to manage western corn rootworm resistance to Bt maize need to be developed and implemented (Tabashnik and Gould 2012) .
Optimized insect resistance management plans require extensive knowledge of the biology of the target pest. Even though many studies on the fundamental biology of western corn rootworm have recently been conducted (Meinke et al. 2009 , Spencer et al. 2009 , Gray et al. 2009 , Hibbard et al. 2010a , Murphy and Krupke 2011 , some of the most basic information of all, such as the original host plant(s) from evolutionary time and aspects of larval feeding behavior in relation to Bt maize, still elude Diabrotica researchers. Direct observations of these soil-dwelling larvae are difÞcult with limited techniques available (Hiltpold et al. 2013) . Being able to identify larval diet from adult specimens would provide valuable information on larval hosts of museum specimens and enable new experiments on feeding behavior of western corn rootworm larvae on Bt maize.
Analysis of stable carbon isotopes can assist in determining the feeding habits of organisms on a gross scale. Such an approach is feasible because plants possessing the C 4 (e.g., maize) photosynthetic pathway are very different from the C 3 plants (e.g., wheatgrass and dicots) in a number of traits (Black 1971) , including the ratio of stable carbon isotopes incorporated into their biomass (Smith and Epstein 1971) . In fact, the relative amount of C, is a reliable method for distinguishing between C 4 and C 3 plants (Bender 1971) . Furthermore, the ␦ 13 C values making up the bodies of herbivores closely reßect the ␦
13
C values of the plants that they have consumed (DeNiro and Epstein 1978, Fry et al. 1978) . Tallamy and Pesek (1996) evaluated stable carbon isotopic signatures of the elytra of Diabrotica undecimpunctata howardi Barber beetles and demonstrated that the ␦
C values closely matched those of which the insects had been fed. They could tell, for instance, whether individual D. u. howardi larvae had fed upon maize, a C 4 plant, or zucchini squash (Curcurbita pepo L.), a C 3 plant (Tallamy and Pesek 1996) . They neither evaluated C 3 grasses nor did they speciÞcally evaluate adult feeding. The aim of the current study was Þrst to evaluate this isotopic approach in relation to the western corn rootworm, by verifying that the carbon isotope signatures of unfed beetles match the carbon isotope signatures of their larval hosts. Next, we compared carbon isotopic ratios from unfed adults with ␦ 13 C measured in beetles after 1 mo of feeding on C 4 and C 3 plants. Finally, we used this technique to monitor the western corn rootworm larval feeding preferences and behavior between Bt maize and C 3 alternative hosts.
Methods and Materials
Host Plant Signature in Western Corn Rootworm Adults. To compare the isotopic signature resulting from the host plant, western corn rootworm larvae were reared either on maize (C 4 plant) or on pubescent wheatgrass (C 3 plant).
Rearing on Maize. Plastic containers (15 by 10 cm, 708 ml, The Glad Products Company, Oakland, CA) were initially Þlled Ϸ2 cm with 2:1 autoclaved topsoil and ProMix (Premier Horticulture Inc., Quakertown, PA) before Ϸ45 B37 ϫ H84 maize seeds, a hybrid highly susceptible to western corn rootworm larval feeding ), were added. The maize seed was then covered with another 2 cm of the same growth medium and watered with 80 ml of water. After 4 d at 25ЊC, Ϸ200 neonate larvae from a nondiapausing western corn rootworm colony originally from the U.S. Department of AgricultureÐAgricultural Research Service (USDA-ARS) laboratory in Brookings, SD (Branson 1976) , were deposited on top of soil in each oval container. After 7 d at 25ЊC, maize leaves were cut, and the remaining root systems transferred upside down to a 33 by 19 cm container (5.7 liters, Sterilite Corporation, Clinton, SC) with new growth medium and Ϸ115 4-d-old maize seedlings. After one additional week, maize was cut and the containers covered with mesh screen secured with a rubber band. Containers were checked daily for newly emerged beetles. Beetle collection stopped when no emergence was observed for 14 consecutive days.
Rearing on Pubescent Wheatgrass (Elytrigia intermedia (Host) Nevski). Approximately 6 g of pubescent wheatgrass seed (Sharp Brothers Seed, Clinton, MO) were planted into 3.3-liter clay pots containing a 2:1 mixture by volume of autoclaved topsoil and ProMix (Premier Horticulture Inc., Quakertown, PA). Batches of 10 pots each were infested with western corn rootworm by one of two methods (40 eggs suspended in 0.15% agar solution, or 20 neonate larvae transferred by moistened brush) on three dates (20 January 2004 , 13 February 2004 , and 3 March 2005 .
Cones of aluminum window mesh were Þtted over the clay pots, secured with a rubber band, and funnels were inverted over small (Ϸ1 cm) opening cut across the tip of the cones. A 20-ml glass vial was set upside down over the funnelÕs stems. These "cone traps" allowed the grass to grow freely until the Þrst insect emerged. The grass was then cut back to Ϸ1 cm and the pots were covered with ßat, nylon netting secured with a rubber band. Pots were checked daily for newly emerged beetles. To ensure all beetles were collected, beetle collection continued for 2 wk after the last emerged beetle.
Adult Feeding Assays. Newly emerged adults from both host plants were assigned to one of the three following treatments: 1) a diet of sliced squash (C. pepo), 2) a diet of Þeld maize (immature ears, including silks and husks), or 3) frozen unfed, upon emergence. A maximum of three beetles were placed into a small, ventilated, plastic cage 7.6 by 5.7 by 5.7 cm (Gary Plastic Packing Company, Bronx, NY), along with an excess of the assigned diet and a small watersaturated sponge. Assignments were not necessarily random, but they were unbiased, designed to freeze Ϸ10% of the beetles while conÞning nearly equal numbers of the remaining 90% on squash or maize for 31 d. This timeframe was chosen because experience suggested that we could keep all beetles alive at least this long, but natural mortality might begin after that and we wanted all feeding to be for the same number of days. Cages were kept in a growth chamber (Percival ScientiÞc, Perry, IA; at 25ЊC and a photoperiod of 14:10 [L:D]). Live beetles were transferred to clean cages with new food three times weekly. After 31 d, the surviving squash-or maize-fed beetles were pooled by diet (at least 10 individuals per treatment), frozen, and saved for further processing for ␦ 13 C analyses. Larval Feeding Preference Assays. The feeding choice experiment compared 12 treatments under greenhouse conditions. Pubescent wheatgrass and redtop (Agrostis gigantean Roth; both C 3 grasses and reasonably good larval hosts; Clark and Hibbard 2004 , Wilson and Hibbard 2004 , Oyediran et al. 2004 ) were evaluated alone. Bt (MON863 expressing the Cry3Bb1 protein) and near-isoline maize were also tested (C 4 plants). Both the Bt and near-isoline maize were tolerant to glyphosate. Each alternate host was evaluated in combination with both Bt and its near-isoline maize for four additional treatments. The Þnal four treatments included the two maize lines each in combination with pubescent wheatgrass or redtop, where the nonmaize was sprayed with glyphosate at 5 d after peak egg hatch (determined from eggs on moist Þlter paper in petri-dishes under the same environmental conditions). For each pot, emerging beetles were collected and processed for ␦ 13 C analyses. Because fewer beetles were predicted to come from treatments including Bt maize and treatments with alternate hosts only, these treatments had 25 replications, whereas the remaining treatments were replicated 10 times. All beetles from this experiment were killed as soon as they were collected.
Carbon Isotope Analysis. Each elytra of each beetle was removed for carbon isotope analysis (Tallamy and Pesek 1996) . To evaluate whether waxes on the surface of the elytra inßuence the isotope ratio, one elytron per beetle was rinsed with dichloromethane. Rinsed and unrinsed elytra were separately ground to a Þne powder using a mortar and pestle. Initial samples were processed at Boston University (MA). These samples (Ϸ1 mg) were analyzed using automated continuous-ßow isotope ratio mass spectrometry (Preston and Owens 1983) . The samples were combusted in a Fisons NA1500 (Fisons Instruments, Beverly, MA) elemental analyzer. The combustion gases (N 2 and CO 2 ) were separated on a gas chromatography column, passed through a Finnigan Conßo II interface, and introduced into the Finnigan Delta S (Thermo Electron Corporation, Waltham, MA) isotope ratio mass spectrometer; water was removed using a magnesium perchlorate water trap. Ratios of C values of each treatment combination. A subset of the experiment was designed in a factorial arrangement aimed at the interactions of larval host, adult host, and whether or not the elytra were washed in dichloromethane. For this analysis, carbon isotope data were analyzed as a randomized complete block in a 2 by 2 by 2 factorial with the model containing main effects of larval host (maize or pubescent wheatgrass), adult host (maize or squash), washing the elytra with dichloromethane (yes or no), and all possible interactions. Replication was included as a random variable. This data set excluded ␦ C values of each treatment combination. A subset of the experiment was designed in a factorial arrangement aimed at the interactions of host one (isoline or MON863), host two (pubescent wheatgrass or redtop), and whether or not the full greenhouse pot was sprayed with glyphosate Ϸ5 d after peak egg hatch. Carbon isotope data were analyzed as a randomized complete block in a 2 by 2 by 2 factorial design of the above factors with all possible interactions. Replication was included as the random variable. The number of beetles emerged were analyzed in an analogous fashion in both the Þrst and second analysis.
Results

Host Plant Signature in Western Corn Rootworm
Adults. Overall, treatment combination had a signiÞ-cant impact on ␦
13
C value (Fig. 1, ANOVA, F 12 ,42 ϭ 65.69; P Ͻ 0.001). As expected, ␦
C values of maize, a C 4 plant, was also signiÞcantly different from ␦ 13 C values of pubescent wheatgrass and squash (C 3 plants), whereas no signiÞcant differences were found between pubescent wheatgrass and squash (Fig. 1) . This pattern was not signiÞcantly different between samples analyzed at Boston University, MA, and at Stoneville, MS, allowing the pooling of data for further analysis reported here. Western corn rootworm beetles frozen within 1 d of emergence exhibited ␦ 13 C values in their elytra typical of their larval diet plants (Fig. 1) . However, adult feeding inßuenced ␦ 13 C values obtained from the elytra of adult beetles reared on maize as well those reared on pubescent wheatgrass as larvae (Fig. 1) . Despite a larval diet consisting entirely of maize, the elytra of beetles fed on squash for 31 d had ␦
C values similar to squash and signiÞcantly different from maize (Fig. 1) . Similarly, beetles reared from pubescent wheatgrass and then fed maize for 31 d had ␦
C values similar to maize and signiÞcantly different than pubescent wheatgrass (Fig. 1) .
In the second analysis, all factors except the interaction of larval host ϫ adult host had a highly significant impact on the ␦ 13 C values (Table 1 ). Although the effects of larval diet, adult diet, dichloromethane rinse, and all interactions except noted above were all highly signiÞcant in terms of a statistically signiÞcant impact on ␦
C values, it was the beetle host that had by far the largest impact, with an F value Ͼ100-fold greater than the next highest factor (Table 1) .
Larval Feeding Preference Assays. Treatment combinations signiÞcantly impacted the average number of western corn rootworm beetles ( Fig. 2A, ANOVA , F 11,204 ϭ 6.49; P Ͻ 0.0001). As expected, signiÞcantly more beetles were recovered from the near-isoline maize hybrid than from the MON863 Bt maize. SigniÞcantly more western corn rootworm beetles emerged from pubescent wheatgrass than from redtop ( Fig. 2A) . Killing redtop with glyphosate signiÞcantly increased beetle emergence of near-isoline maize, whereas spraying pubescent wheatgrass signiÞcantly reduced beetle emergence of near-isoline maize ( Fig.  2A) . When the factorial portion of the beetle emergence data were analyzed for interactions of maize type, alternate host, and killing of alternate host with glyphosate, only the main effect of maize type (Bt vs. near-isoline) and the interaction of alternate host species ϫ glyphosate application impacted beetle production (Table 1) . No other factors signiÞcantly impacted the number of beetles emerged.
When all treatments were analyzed together, the carbon isotopic signature was signiÞcantly impacted by treatment (Fig. 2B, ANOVA, F 1,79 ϭ 50.75; P Ͻ 0.0001). The elytra of beetles reared on pubescent wheatgrass or redtop had signiÞcantly different ␦ 13 C values than the ␦ 13 C values of elytra of beetles from all other treatments (Fig. 2B) . Carbon isotopic signature of beetles emerging from near-isoline maize with living pubescent wheatgrass was also signiÞcantly different than the signatures from all other treatments (Fig. 2B) . The ␦
C values of emerged from a mixture of maize with the C 3 grasses sprayed with glyphosate was greater than the ␦ 13 C values of those same combinations that were not killed with glyphosate 5 d after peak egg hatch (Fig. 2B) . When the factorial portion of the carbon isotopic signature data were analyzed for interactions of maize type, alternate host, and killing of alternate host with glyphosate, the main effects of alternate host, glyphosate spray, and the interaction of these two main effects impacted ␦ 13 C values (Table  1) .
Discussion
Analyses of stable carbon isotopes have been widely used to describe and characterize a broad range of trophic interactions in various ecosystems (e.g., Tallamy and Pesek 1996 , Traugott et al. 2008 , Grant and Kopple 2009 , Hawke and Clark 2010 , Okuzaki et al. 2010 , Schallhart et al. 2011 , Siemers et al. 2011 . Even though the literature suggests that the carbon isotopic ratio of the beetleÕs elytra gives relevant indirect information on the larval diet quality (e.g., Tallamy and Pesek 1996, Gould et al. 2002) , our data do not support this hypothesis when western corn rootworm adults have the opportunity to feed after emergence. As holometabolous insects, carbon in the elytra of a beetle may be expected to be primarily composed of carbon accumulated as a larva. Adult-acquired carbon is used in the production of waxes laid on the surface of the elytra. However, in our study, the ␦
13
C values of beetle elytra were primarily impacted by adult diet (Table 1 ; Fig. 1 ). Although wax rinse did signiÞcantly contribute to ␦ 13 C values, carbon obtained from adult diet of the western corn rootworm is also allocated in the cuticle of the elytra, as rinsing the elytra with dichloromethane to remove the outer wax layers impacted ␦
C values Ͻ100-fold as much as did adult diet as indicated by their respective F values (Table 1) . A period of 31 d of postemergence adult feeding was adequate for the western corn rootworm to have almost a full carbon turnover in its cuticle, suggesting a continuous replacement of its external skeleton. These surprising data are partially in accordance with HepburnÕs (1985) statement that holometabolous adult insects periodically add thin layers of carbonbased products to their cuticle. Although major damage done to elytra is often not entirely repaired (Dr. M. Borer, curator at the Natural History Museum of Basel, Switzerland, personal communication), beetles may continuously produce cuticle to overcome usual wear. It would be interesting to measure this shift over time and draw calibration curves helping to interpret the isotopic ratios. An alternate explanation might be that the carbon isotopic signature of beetles fed on C 3 plants result from the sampling of hemolymph contained within the elytra-dedicated channels (Van de Kamp and Greven 2010 ). Yet, the amount of hemolymph sampled would not have caused such a dramatic shift in the carbon isotopic ratio, but rather an intermediate situation. Even though it has been successfully used with other maize insect pests (e.g., Gould et al. 2002 , Schallhart et al. 2009 , carbon isotopic ratio neither seems to be an accurate analysis for qualifying larval diet from Þeld collected western corn rootworm beetles nor for analyzing museum specimens to document western corn rootworm historical diet and invasion paths as we had initially hoped when starting this work. Clark et al. (2006) demonstrated western corn rootworm behavioral differences between larvae feeding on MON863 and its near-isoline. On rootworm-susceptible plants, western corn rootworm neonates aggregated and actively fed on maize roots (Clark et al. 2006) . Conversely, when Cry3Bb1 maize was offered to western corn rootworm neonates, some larvae exhibited no movement after ingestion of Cry3Bb1 protein (Clark et al. 2006) . Other larvae on plants expressing Cry3Bb1continuously moved up and down along the roots and were sampling root hairs or root tissues but not actively feeding. Moving larvae had empty guts, suggesting feeding deterrence for transformed plant tissues. Both the active and nonactive behavior of larvae on MON863 plants resulted in a 100% death mainly by starvation (Clark et al. 2006 ). However, neonate western corn rootworm larvae have been shown to survive starvation up to 3 d (Branson 1989, Oloumi-Sadeghi and Levine 1989 ) and the antixenosis effect of Cry3Bb1 protein might be compensated for by the presence of alternate hosts , Chege et al. 2009 ). Western corn rootworm larvae survive on a number of grassy weeds and prairie species Oyediran et al. 2004 Oyediran et al. , 2007 Wilson and Hibbard 2004; Chege et al. 2005) . After initial feeding on alternate hosts, western corn rootworm is larger and more tolerant to Cry3Bb1 maize , Chege et al. 2009 ). The hypothesis that the alternate host might serve as a temporal refuge for larvae when in presence of Bt maize was only partially supported by the adult emergence data reported in the current study ( Fig.  2A) . MON863 ϩ redtop (glyphosate sprayed) produced signiÞcantly more beetles than MON863 alone or redtop alone ( Fig. 2A) , but a similar trend was not found with pubescent wheatgrass. As noted in the results, the situation with a mixture of near-isoline ϩ pubescent wheatgrass and near-isoline ϩ redtop was also different from each other. Spraying pubescent wheatgrass with glyphosate 5 d after peak egg hatch reduced the beetle emergence, whereas beetle emergence increased when redtop was killed ( Fig. 2A) . As suggested by beetle emergence on the alternate hosts alone, continued feeding on redtop was apparently worse for beetle emergence than a switch to MON863, but the opposite was apparently true for pubescent wheatgrass.
Given the data of Clark et al. (2006) and suggesting that MON863 was not a preferred host for western corn rootworm larvae, we expected the proportion of carbon in newly emerged beetles from a mixture of C 3 grass and MON863 to be greater from the C 3 grass than from MON863. However, the proportion of carbon from C 3 grasses in a mixture with near-isoline maize was greater than the proportion of carbon from C 3 grasses in a mixture with MON863 (Fig. 2B) . We can only conclude that western corn rootworm larvae were not avoiding feeding on MON863 any more than they were avoiding feeding on near-isoline maize in mixtures with C 3 grasses. As Ϸ95% of the biomass of a newly emerged western corn rootworm beetle is from feeding of second-and thirdinstar larvae, neonate feeding is only barely reßected in the carbon isotopic signature of a newly emerged beetle. The data from this article clearly document that later instar western corn rootworm larvae did not avoid MON863, but nothing deÞnitive can be said about neonate feeding from adult carbon.
In conclusion, although carbon isotopic ratio is a powerful technique to characterize the broad type of diet consumed, the role of the adult diet on ␦ 13 C for the western corn rootworm implies that careful interpretation of data is needed in studies on this species and likely many other insect species. However, under controlled conditions or after veriÞcation experiments, this technique remains helpful to obtain insights into the feeding habits of target organisms.
